Recovery of electroencephalographic activity and somatosensory evoked responses was studied in paralyzed and lightly anesthetized (70% N20) rats in which profound hypoglycemia had been induced by insu lin administration. The duration of severe hypoglycemia was defined as the duration of a flat electroencephalo gram (EEG) recording (5, 30, and 60 min, respectively) before restitution with glucose. The restitution period was followed by continuous EEG monitoring and repeated tests for evoked potentials. After 180 min of recovery, the brains were frozen in situ with liquid nitrogen and analyzed for energy metabolism. In accordance with ear lier metabolic studies from this laboratory, the recovery after 60 min of severe hypoglycemia was incomplete, with signs of permanent failure of energy metabolism. There was persistent ATP reduction proportional to the duration of the hypoglycemia. The short-term recovery of EEG
vations and neurophysiological techniques. The in terpretation of these observations will rest heavily upon experience with experimental models, which combine such observations with metabolic and histopathological studies.
In the present experiments, the degree of short term electrophysiological recovery has been studied after various periods of pronounced hypoglycemia. The same animal model has been used as that in which the influence of hypoglycemia on cerebral metabolism, blood flow, and morphology has been previously described (Agardh et aI., 1978 (Agardh et aI., , 1980 (Agardh et aI., , 198 1, 1982 Abdul-Rahman et aI., 1980; Kalimo et aI., 1980) .
METHODS

Animals and operative and sampling techniques
Male Wi star rats (290-405 g) of an S.P.F. Wistar strain (Mpllegaard A vlslaboratorium, Copenhagen) were fasted overnight before the experiments but had free access to tap water. Anesthesia was induced with 2-3% halothane. The animals were then tracheotomized, immobilized with an i.v. injection of tubocurarine chloride (0.5 mg kg-1), and ventilated with a Starling-type respirator that deliv ered 70% N 20 and 30% O2 to yield an arterial Pco2 of 30-40 mm Hg. Body temperature was maintained close to 37°C. One femoral artery was cannulated for blood pressure recording (with an electromanometer) and blood sampling, and one femoral vein was cannulated for injec tions and infusion of glucose. An incision was made in the skin over the skull bone to accommodate a plastic funnel for freezing the brain in situ with liquid nitrogen later (Ponten et al., 1973) .
After the operative procedures had been completed, the animals were given an i.p. injection of insulin (Insulin Novo Actrapid®; Novo Industri A/S., Copenhagen) in a dose of 40 IV kg-l. The insulin was dissolved in 0.75 ml Krebs-Hensleit solution before injection. Control animals were administered 0.75 ml Krebs-Hensleit solution. Re peated arterial samples were taken anaerobically from the catheter in glass capillaries for determinations of pH, Pco2, and Po2, or were collected directly in liquid nitro gen for later glucose analyses.
Experimental groups
Four groups of animals were used. One was a control group (n = 4) maintained under anesthesia for 308 ± 106 min (mean ± SD) before tissue was frozen in situ. In the three other groups, the animals were kept at steady state with an isoelectric EEG for 5 (n = 6; anesthesia, 422 ± 14 min), 30 (n = 5; anesthesia, 440 ± 23), and 60 min (n = 5;
anesthesia, 455 ± 20 min), respectively. All animals were then allowed a 180-min recovery period. Recovery was induced by an i.v. injection of 0.5 ml 50% (w/v) glucose solution (in saline). The injection was followed by a slow i.v. infusion (1 ml h-1) of the glucose solution. In each experimental group, the first four animals were frozen in situ with liquid nitrogen at the end of the experimental period for later analysis of cerebral cortical metabolites.
Electrophysiological techniques
The EEG was continuously monitored throughout the experiments using two bilateral pairs of gold-plated cop per bolts inserted into the skull bone in symmetrical frontal and parietal positions. The bipolar fronto-parietal lead on one side was fed into a cerebral function monitor (Devices Ltd) that plotted the integrated amplitude of EEG activity, after filtering with sharp cut-off boundaries outside the 2 -20-Hz frequency range (Prior, 1979) . The output of the cerebral function monitor was plotted at a slow paper speed (6 cm/h) and simultaneously on an Elema Mingograph at 5 mrnlsec and intermittently at 50 mm/sec. Conventionally recorded EEG activity from a bipolar fronto-parietal lead on the other side was fed into a conventional amplifier (0.5-30 Hz) and plotted on the same Elema Mingograph. The same lead was used inter mittently for recording sensory evoked responses to electric stimulation of the contralateral nose area (filter frequency, 0.5 Hz-l kHz). The stimulation was per formed with subcutaneous needle electrodes positioned with 7-mm interelectrode distances in the whisker region (stimulus current, 4 rnA; shock duration, 0.2 ms; single shocks at 5 Hz or 20-ms trains of shocks at 500 Hz with 2 trains/s). The responses to 64 consecutive stimuli were averaged on a Neurolog averager (analysis time for single shocks, 25 or 50 ms; for trains, 1 s) and displayed on the Elema Mingograph. The electrical stimulation did not have any significant blood pressure effects.
The amplitudes of the sensory evoked responses were measured from the peak of the initial positive component to the peak of the following negativity. In the prehypo glycemic recordings, the peak latency of the initial posi tivity was 6.8 ± 0. 18 ms and the following negativity was 11.8 ± 0.53 ms (n = 16).
In the present experiments, continuous blood pressure recording and repeated arterial blood gas analyses were performed. Thus, the influence of hypotension and hypoxia could be ruled out.
The period of severe hypoglycemia was defined as the period of abolished EEG activity. During these periods, the arterial blood glucose concentration varied between 0.2 and 0.9 /Lmol g-l (0.6 ± 0. 1 /Lmol g-l; mean ± SEM) and there were no differences between the 5-, 30-, and 60-min groups. In the recovery period, the blood glucose concentration normalized and was not different from the controls.
Biochemical analyses
For the techniques used in the biochemical analyses, the reader is referred to previously published work from this laboratory (Folbergrova et aI., 1972a,b; Agardh et aI., 1978 Agardh et aI., , 1981 .
The "energy state" of the tissue was calculated in terms of the adenylate energy charge (EC) according to Atkinson (1968) . Statistical differences were evaluated with the Student's t test.
RESULTS
The cerebral cortical concentrations of labile energy-rich phosphates and glycolytic inter mediates following 180 min of recovery after severe hypoglycemia and in control animals are summa rized in Table 1 . In accordance with earlier results, the A TP concentration and the calculated adenylate Ee of the tissue were reduced in proportion to the duration of hypoglycemia, whereas the concentra tions of ADP and AMP were normalized. Phos phocreatine (Per) and creatine returned to normal levels in all three groups, except for a slight increase in per concentration in the 30-min group (p < 0.05). There was restoration of tissue glucose, lactate, and pyruvate concentrations. Neurophysiological changes tIVlty, including epileptiform activity lasting for about 90 min, ensued. After a 20-min period of suppression-burst activity, the EEG disappeared and did not return until glucose was infused. The
The cerebral function monitor recording of a full experiment is shown in Fig Values are means ± SEM.
return of EEG was biphasic in three of five cases following 60 min of isoelectric EEG, with a tran sient increase of EEG after 15 min that was fol lowed by a more gradual increase of activity (Fig.  1) . Following 5 and 30 min of isoelectric EEG, the return of EEG activity was always monophasic. During the period of high-amplitude, slow wave activity preceding the suppression-burst activity, the amplitude of the sensory evoked responses in creased to more than twice the control value, with out any significant changes of latency of the initial positive or the following negative peak ( Fig. 2A, B , and D). In all cases, the evoked responses disap peared before the spontaneous EEG activity, usu ally at the first appearance of the suppression-burst activity. When sensory evoked responses reap peared during restitution, this always occurred after the return of spontaneous EEG activity. In the 3-h recovery period following 5 min of isoelectric EEG (Fig. 2; Table 2 ), a normal EEG pattern reappeared in three cases. In the remaining three, an increase of slow waves persisted. The somatosensory re sponses returned in all cases.
The amplitudes of the evoked responses were restituted to almost normal values and the latencies were only slightly prolonged, compared to the initial values obtained before the hypoglycemia. Restitution following 30 min of flat EEG pro duced an abnormal EEG in all cases, with an in creased amount of slow and sharp wave activity.
The evoked responses showed a marked prolon gation of latency of both main peaks of the re sponse, although the response amplitude returned to almost normal ( Fig. 3; Table 3 ). o±o After 60 min of flat EEG, glucose infusion pro duced only a low-voltage, severely deranged EEG pattern of either suppression-burst or slow wave type. When a biphasic recovery of EEG activity was seen, the first period of activity consisted of low-voltage rhythmic discharges similar to those described by Creutzfeldt and Meisch (1963) . With single-shock stimulation, no early response could be elicited when tested repeatedly over the 180 min of glucose infusion. However, with a train of stimuli, a long latency response could be evoked in four of five animals tested ( Fig. 4; Table 3 ).
In three control animals not injected with insulin, a slight increase of EEG amplitude was found over the observation period. The somatosensory re sponses did not change in latency but did show a slight decrease of amplitude in one of three animals ( Table 2) .
DISCUSSION
Prolonged hypoglycemia has been shown to pro duce brain damage in man (Brierley, 1976) and in animal models (Brierley et aI., 197 1; Agardh et aI., 1980; Kalimo et aI., 1980) . The series of events at the cellular and subcellular levels leading to irrever sible cell damage during and following severe hypoglycemia is complex (Siesjo, 198 1) and cannot be studied clinically. The present series of experi ments was performed in order to determine the early electrophysiological signs of recovery after severe hypoglycemia in a rat model, which has been extensively investigated metabolically and mor phologically (Agardh et aI., 1978 (Agardh et aI., , 1980 (Agardh et aI., , 198 1, 1982 Kalimo et aI., 1980) . The question was whether the EEG activity and cortical evoked responses during the recovery phase provide prognostically useful information about the degree of irreversible damage inflicted on the brain. One major advantage with the model is that the hypoglycemic brain injury can be separated from ischemic and hypoxic brain injury, which is often difficult using clinical reports (Brier ley, 1976; Agardh et aI., 1980; Kalimo et aI., 1980) . The duration of severe hypoglycemia, as determined by cessation of spon taneous EEG activity (blood glucose < 1 /Lmol/g), was chosen as the independent variable. Deep hypoglycemic coma of 60-min duration caused a pattern of functional recovery that differed markedly from that after 30 min. Short latency cor tical evoked responses failed to reappear within the 3 h of observation, and the EEG that did reappear was highly abnormal and of low amplitude. This can be correlated with the frequent appearance of in jured neurones after 60 min of deep hypoglycemia, particularly on the lateral aspects of the cerebral cortex (Agardh et aI., 1980) . The initial surface positive response to nose stimulation with a peak latency of around 7 ms very likely represents corti cal neuronal synaptic activity evoked by specific thalamo-cortical afferents, which terminate mainly on spiny stellate cells in intermediate cortical layers of the primary projection areas of the cerebral cor tex (Rosen et aI., 1966; Somogi, 1978) . It is in teresting to note that the neuronal injury was espe cially prominent in the intermediate cortical layers . However, it cannot be excluded that a lesion of subcortical (i.e., thalamic) relays may have contributed to the failure of evoked cortical responses. The persistent late response to repetitive nose stimulation indicates that activity may still be evoked in adjacent neuronal tissue, pre sumably by less specific pathways. It is not possible to decide, at present, if this late response is of corti cal or subcortical origin. In the recovery period after 30 min of severe hypoglycemia, a persistent EEG abnormality and latency prolongation of evoked cortical response were observed. Morpho logically, the brain is characterized by a scattered (1.8%) but significant occurrence of microscopical neuronal changes, particularly in intermediate cor tical layers (Agardh et aI., 1980) . The persistent al tered time course of evoked cortical events presum ably reflects altered cortical synaptic function. In electron microscopical studies during hypogly-cemia, perineuronal vacuoles representing swollen astrocytic processes have been observed (Kalimo et aI., 1980) . Such changes will presumably alter the function of remaining synapses on cortical cell bodies and dendrites. It is likely that such func tional changes are reversible on a time base longer than the 3 h of the observation period.
After 180 min of recovery following 5 min of se vere hypoglycemia, the restitution of the neuro physiological parameters was complete. This can be correlated with an absence of neuronal damage (Kalimo and Agardh, unpublished observations) . The amount of epileptogenic EEG activity before the period of flat EEG was the same in this group of animals as in the other two experimental groups, indicating that seizure activity did not contribute significantly to the brain damage.
After 3 h of recovery, the cerebral cortical tissue was metabolically characterized by an A TP reduc tion proportional to the duration of hypoglycemia. Following both 5 and 30 min of severe hypogly cemia, there was a relatively extensive recovery of the cerebral cortical energy state, with moder ately reduced concentrations of A TP and a near normal adenylate EC. After 60 min, however, the ATP level was reduced to about 63% of control val ues, the adenylate EC was clearly reduced, and there was a tendency toward lactate accumula tion-all of which are findings compatible with widespread irreversible cell damage, in agree ment with previous results (Agardh et aI., 1980) . Furthermore, parallel experiments following 60 min of severe hypoglycemia have shown signs of plasma membrane function failure, as indicated by progres sive increase of extracellular K+ concentrations. This was not observed after 30 min of severe hypoglycemia (Agardh et aI., 1982) . Studies of mi tochondrial function showed potentially reversible changes after 30 min, but signs of mitochondrial failure developing in the recovery period following 60 min of profound hypoglycemia (Agardh et al., 1982) .
Thus, failure of recovery of continuous EEG and failure of recovery of short latency evoked cortical responses in the recovery period following hypo glycemia seem to reflect widespread neuronal cell damage and progressive failure of neuronal mem brane and mitochondrial function, suggesting ir reversible cell damage. This notion is also sup ported by clinical observation (Agardh et aI., in preparation) . Further clinical observations are J Cereb Blood Flow Metabol, Vol. 3, No. I, 1983 needed to evaluate the correlation between the neu rophysiological recovery in the early restitution pe riod following hypoglycemia and the long-term clinical outcome.
